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Abstract  
This study investigates the pressure drop in horizontal pipes packed with large particles that result in small pipe-to-particle diameter ratio both experimentally and numerically. Two horizontal pipes of 0.1905 and 0.0254m ID filled with cylindrical or spherical particles are used to collect the experimental data for single and two-phase flows. The porosity has same value for both pipes when they packed with cylindrical particles which is 0.75, however has different values when packed with spherical particles, 0.7 for the large pipe and 0.57 for the small pipe. The Roe-type Riemann solver proposed by Santim and Rosa (2016) which uses the Drift-Flux model is modified aiming to predict the pressure drop in porous media through the implementation of a new source term in the system of equations. Empirical models available in the literature are used to calculate the single and two-phase flows pressure drop. The motivation is to verify the solver capability to reproduce the two-phase flow pressure drop in porous media and to compare some empirical models existing in the literature against the experimental data provided modifying some empirical coefficients when necessary. 









Single and multiphase flow through porous media are frequently used in many fields of science and engineering such as environmental (filtration), biomedical (transport of macromolecules), electrical (micro devices), chemical (reactors, fuel cells) and petroliferous (reservoirs). This wide range of applications, explaining the urgency to study this complex area.
In reference to the Oil & Gas industry, most of reservoirs contain two/three phases either oil and water, gas and water or oil, gas and water. In addition, most of the flows in these reservoirs can be considered as multiphase flow in porous medium. Thus, reliable empirical, analytical and numerical models are needed to accurately predict important/critical parameters such as pressure drop, void fraction, superficial velocities of the phases and heat & mass transfer coefficients aiming to apply them on the several problems resolution (e.g. static pressure obtaining at the well inlet in the wellbore-reservoir coupling). In this context, this study presents a multiphase numerical modelling that aims to calculate the pressure drop inside the pipes packed with two different particle types (cylindrical or spherical) in a considerably range of air velocities under various CWF (Constant Water Flow) rates.
Due to the complexity of porous material characteristics, it is difficult to emphasize the exact definition of porous media. The porous media is defined by Bastian (1999) as a body composed of persistent solid parts, called solid matrix, and the remaining of the void space (or pore space) that can be filled with one or more fluid e.g. oil, water and gas.  In another definition (Henderson, et al., 2010) proposed porous medium as a solid containing regular or random seperated holes in its interior, which frequently occur within the solid body. 
The geometric property is another important factor for pressure drop estimation in porous media. The geometry of the solid is difficult to be determined by equations due to its complexity. Blunt (2011) classified the different types of pore shapes into: i) a circular pore allows only one phase to occupy the pore at a time, ii) a triangular cross-section pore may allow wetting phase to occupy the corners while non-wetting phase occupies the pore centre (Lenormand et al., 1983), iii) a grain boundary pore shape formed by the intersection of four spherical grains. The wetting phase can occupy the crevices with non-wetting phase in the centre (Lenormand et al., 1983).   
The permeability of porous media indicates the ease of flow through the medium under the influence of pressure difference. Nordbotten and Celia (2011) define permeability as ability of the porous medium to transmit fluids through its structure, which is a function of both porous medium and the fluid flowing through it. In any process involving fluid flow in porous media such as permeation, filtration and sedimentation, the permeability of the solids causes frictional losses. Permeability in porous media is very complex which can be affected by several factors (Di Giovanni et al., 2012) such as particle size distribution, solids concentration, particle shape and orientation. The relative permeability is used to find the pressure drop in two-phase flow and is represented by the ratio of single-phase flow pressure drop to the two-phase flow pressure drop obtained at the same interstitial velocity (Bai et al., 2011). The relative permeability (Kr) is defined as: 
                                                                                         			 (1)
where ps represents single-phase flow pressure drop whereas pTF represents the two-phase flow pressure drop. 
The pressure drop through a porous medium caused by the frictional drag is directly proportional to velocity of the flow. At higher velocities, inertial effect becomes significant causing an increase in the form drag. Then, the total pressure drop through packed bed will include friction loss and inertia loss (Vafai and Tien, 1981; Bai et al., 2011),
       			(2)		                                     		          	 (3)
where  is the average velocity in the medium, ΔP is the pressure drop, µf is the fluid viscosity, L is the length of porous bed, k represents the water permeability, de is the equivalent particle diameter and the ԑ refers to the porosity. There are several empirical models proposed in the literature for the pressure drop calculus in porous media. These models are discussed in section 2.
In particular, this study looks at the solver capability in to reproduce the pressure drop in different two-phase flow scenarios comparing the numerical results against proposed experimental data and to verify the accuracy of some empirical models available in the literature for both single and two-phase flows. The solver previous presented by Santim and Rosa (2016) is adapted through the implementation of a momentum source term that represents the multiphase flow in porous media.
2. Pressure drop correlations
2.1 Single-phase flow pressure drop in porous media 
In this scenario, the pressure gradient across the bed is a function of several parameters such as system geometry, permeability, physical properties as well as porosity. Many models have been proposed to consider velocity-pressure drop relationship and several correlations have been developed to describe the flow hydrodynamics with good accuracy.
Darcy (1856) was one of pioneering researcher introducing the following correlation
                                                                                            			 (4)
This correlation has been used over the years for flow with low Reynolds number. To consider the inertial effects at higher velocities, Kozeny (1927) developed equation with two terms to consider both viscous and inertia effect, which them modified by Carman (1937) (Bear, 1988).  Ergun (1952) carried out a comprehensive investigation in the equation which later called Ergun equation (1952). 
                        	                   	 (5)
The method is semi-empirical. The coefficients, A=150 and B=1.75, may be changed according to experimental conditions. First part of the equation is used for calculating pressure drop in a very viscous flow, whereas the second part of the equation allows predicting pressure drop in porous media in a turbulent flow. This equation was used to predict the experimental measurements in a large number of papers and proved to be the best pressure drop correlation among the available experimental models in the literature (Ergun (1952), Jamialahmadi et al. (2005) and Quiben (2005)).
Ergun (1952) reviewed the existing data in the literature on the flow of fluids through beds of granular solids collected new experimental data for the purpose of testing the validity of Kozeny-Carman equation. He found that Kozeny-Carman is applicable to all types of flow. He also examined the dependence of pressure drop upon flow rate, properties of the fluids and fractional void volume (), as well as the orientation, size, shape, and surface of the granular solids. Based on 640 experiments from his work and literature, he confirmed that the values of A=150 and B=1.75 used in Kozeny-Carman correlation are the appropriate values. 
Nemec et al (2001) showed that the pressure drops for spherical particles, regardless of their size and surface roughness, are well predicted by the Ergun equation with A=150 and B=1.75 (with  error of 4.2%). On the other hand, the pressure drop for the extrudates is significantly underestimated (about 30%). Macdonald et al (1979) modified the constants to be: A=180 and B=1.8 which also disagrees with the experimental data for extrudates. However, by optimizing the constants in the Ergun type equation (A=238 and B=2.41) one can obtain a very good agreement between experimental and predicted pressure drops. A large disagreement (about 40%) in pressure drops for extrudates and cylinders was also found by Lakota et al. (2001).
Koekemoer and Luckos (2015) studied the influence of the material type and particle size distribution on pressure drop across the packed bed. In contrast to Ergun results, they found that the values of coefficients in Kozeny-Carman correlation are different for pressure drop data generated for coal, char and ash particles. The values applicable to coal (A=77.4 and B=2.8), char (A=160.4 and B=2.8) and ash (A=229.7 and B=2.3) particles were found to better approximate bed pressure drop compared to those used in the original form of the Ergun equation (A=150 and B=1.75). These results suggest that more research is needed to have better values for A and B for the particles of non-spherical shape. 

2.2 Two-phase flow pressure drop in porous media 
2.2.1 Empirical correlation 
There are a number of empirical correlations on pressure drop in porous media based on experimental measurements however there is no accurate and reliable model that can be used to predict the pressure drop for various applications. Some of the models to predict pressure drop in porous media such as Larkins et al. (1961), Turpin and Huntington (1967), Goto and Gaspillo (1992), and Jamialahmadi et al. (2005). 
Jamialahmadi et al. (2005) is one of the recent models based on the previously developed models. The model predicted their experimental data within accuracy of 5.6%. They found that the best model predicted their data was developed by Larkins et al. (1961) with an absolute mean average error of 28%. The error difference between their experimental measurements and the predictions from 28% to 5.6% was significant thereby indicating that the Jamialahmadi et al. (2005) model was more reliable than the previous correlations in the liturature. Jamialahmadi et al. (2005)´s equation is given as   
                              	                                               	          (6)
                                   	                                                             (7)
where pTP represents the two-phase flow pressure drop, fTP is the two-phase friction factor of gas and liquid phases, Rel is the liquid phase Reynolds number whereas Reg is the gas phase Reynolds number, usg represents the superficial gas velocity. 
2.2.2 The relative permeability model
This approach has been first implemented by Saez and Carbonell (1985) and then extended by Saez et al. (1986), Nemec and Levec (2005a) and Nemec and Levec (2005b) by proposing a new closure law for relative permeability. The two-phase flow pressure drop in porous media can be predicted as 
                                                                     	       	 (8)
The A and B are the coefficients used in the Kozeny-Carman equation (A=150 and B=1.75). 
The gas relative permeability (kg) is a function of volumetric quality () (Saez and Carbonell, 1985) and is given as
                                                                                               		            (9) 
The value of n can be calculated as (Bai et al. (2011))
                              	                                                              	           (10)                           
The dimensionless numbers Gag and Reg represents the modified Galileo and Reynolds numbers calculated in terms of the equivalent particle diameter. 
                 			                                     	        	          (11)
                               		                                                 (12)

2.2.3 Numerical approach
Due to the complexity of the flow in packed beds, the flow behavior inside the pipe is commonly reproduced in 2D or 3D models. Turbulence models are frequently applied in single phase flows (Bai et al. (2009), Preller (2011), van der Merwe et al. (2020) making use, for example, of the Reynolds-Averaged Navier–Stokes equations (RANS equations) or LES (Large Eddy Simulation) through CFD (Computational Fluid Dynamics) commercial softwares: e.g. STAR-CCM+ (Preller (2011), van der Merwe et al. (2020)) and FLUENT (Bai et al. (2009). 
For two-phase flows two different methodologies stand out: Two-Fluid model and the mixture model (Drift-Flux). Souadnia and Latifi (2001) studied a packed bed reactor using nitrogen (g) and an aqueous solution of caustic soda for various gas and liquid inlet flow rates. The reactor was constituted by a glass column with an 5cm ID packed with 5mm glass spheres presenting a packing height of 1.6m with an overall porosity of 0.39. To solve the problem the authors proposed a 1D solver based on an approach similar to the Two-Fluid model, using two equations to solve the mass conservation and two for the momentum conservation. The drag forces were accounted by implementation of the equations developed by Saez and Carbonell (1985) that uses the Ergun coefficients. The authors concluded that pressure drop numerical prediction was in acceptable agreement with the experimental data measured in the same operating conditions. In the present study an alternative approach (implementation of a porous media source term in the mixture momentum equation) is tested making use of the Drift-Flux model.  
The literature review shows that regardless of a number of empirical models developed to predict the pressure drop of single and two-phase flow in porous media, there is still a dearth of research work in this area as there is no reliable model that can be used for different porous media structure. In this context, the purpose of this paper is: i) to study the pressure drop of single (air/water) and two-phase (water-air) flow through consolidated porous media inside 1m length horizontal pipes. Two horizontal pipes with 0.0254 and 0.01905m ID packed with cylindrical and spherical glass objects are used in this study. Then, the effect of particle’s shape, particle’s size and bed porosity on pressure drop will be highlighted. The new experimental data on pressure drop are collected for various Constant Water Flow rates (CWF) where the air is added to the water; ii) The experimental pressure drop is used to obtain the permeability and the inertia resistance for the mathematical model (a modified version of the Roe-type Riemann solver proposed by Santim and Rosa (2016) aiming to predict the pressure drop); iii) The prediction from three empirical models in the literature are also compared against the experimental data and some coefficients are modified aiming to fit in experimental acquisitions.

3.	Experimental facility and procedure 
Figure 1 illustrates the schematic diagram of the experimental facility to investigate the single and two-phase flow pressure drop in porous medium. The basic components of the test rig are the test section, the water centrifugal pump, water tank, water flow meter and gasometer, air compressor and a differential pressure transducer (DPT). The test rig has three PVC transparent pipes of 1m of length and inner diameters of 0.0127m, 0.01905m and 0.0254m. The 0.01905m and 0.0254m ID tubes were packed with spherical glass marbles similar in diameter, thereby forming porous media with porosity ԑ=0.7 in large pipe and porosity ԑ=0.57 in small pipe. Furthermore in different attempt the tubes were also packed with cylindrical glass particles, hence the porous media with porosity ԑ=0.75 is formed in both pipes. The difference in the arrangement of particles inside the pipes leads same porosity for cylindrical particles while the porosity for spherical particles is a function of pipe diameter. The differential pressure transducer (C9553 COMARK) is connected to the test section by two flexible plastic tubes via two taps at inlet and outlet of the pipe measuring pressures up to 4bar with high accuracy. At the inlet and outlet of each tube, two circular perforated discs are kept in place by flanges, in order to prevent that the particles leaving the bed. All tubing and fitting are made of PVC hardened plastic.  
To generate air-water mixture, the water is pumped from the reservoir tank to the test section using a centrifugal pump, adjusting the revelations of the pump controls flow rate of the liquid phase. The gas phase, air, is supplied from the main compressor via a filter and a pressure regulator. This is done to minimise the fluctuation in the air flow rate, which is adjusted by a flow meter at the inlet of the rig. The air and water flow rates are measured by the flow meters at the upstream of the mixing point. 
In this investigation, the measurements are performed under constant water flow rate (CWF) by adding air to the water. The water flow rate up to 40 l/min was measured by the digiflow 6710 M meter. The air flow rate was measured by Platon air flow meter with accuracy of ± 1.25%. The experimental runs were performed by starting with single phase test and start adding the air gradually.


Figure 1. Schematic diagram of the experimental rig.

4.	Numerical model
The numerical model is applied only for the two-phase gas-liquid flow analysis. The system of equations for the 1D conservation laws in an isotropic isothermal medium, assuming the drift-flux model with no mass transfer between the gas and liquid phases and using a superficial velocity in porous medium (, where  is the porosity and the subscript k refers to liquid or gas phase whereas s denotes superficial) can be given by Eqs. (13)-(15). The first two equations consist of mass formulations for each phase (liquid and gas) with the last equation representing the momentum of mixture. 
                                              	 (13)
                        	                                          (14)     	 (15)
where p is the pressure,  is the specific mass, us is the superficial velocity, with the subscripts l and g refer to the liquid and gas phases. The void fraction  is represented through Eq. (16) making use of the closure relation proposed by Zuber and Findlay (1965), the first term on the rhs in Eq. (15), SPM, is a momentum source term that represents the porous medium and is given by Eq. (17), whereas the last term on the rhs of Eq. (15), SW, is the wall friction source term (see Eq. (18)).
                                                                   	(16)
in which C0 is the distribution coefficient (profile parameter), ud is the drift velocity and J is the mixture superficial velocity ().
                                                                  	 (17)
where the mixture velocity is given by ,  is the specific mass of mixture in terms of the void fraction ,is the mixture viscosity (also pondered by void fraction), is the permeability, C2 represents the pressure jump coefficient (an inertial resistance factor) and  is the porous medium thickness. 
                                                                                  	(18)
in which  is the friction factor and d is the ID pipe.
The friction factor () depends on Reynolds number of the mixture (Rem), which is defined as follows in Eq. (19). In this equation, the relation proposed by Dukler et al.  (1964) is used, .
                                                                             	  	        	           (19)
The source term in Eq. (18) does not assume any porous medium parameter. If there is a porous medium (packed bed) this term shows to be negligible if compared with the source term given by Eq. (17).
For laminar flows, the friction factor is defined as. The implicit relation proposed by Colebrook, Eq. (21), is utilized to calculate fw for turbulent flows since the Eq. (20), proposed by Haaland (an explicit relation), is assumed as an initial guess for Colebrook´s equation.
                                                 	(20)
                                                       	   (21)
where  represents the equivalent roughness of the pipe, considered as 10-9m.   
The thermodynamic state equations for the liquid and gas are expressed in terms of the sound velocities, cl and cg, as follows
         , where ρl,0 and pl,0 are given as coefficients. 
The system of the conservation laws can be written in the conservative form, as:
                                                                                    	    (22)
where U, F and S are the vectors of the conservative variables, fluxes and source terms written as follows:
   	(23)
An upwind Godunov-type discretization scheme, as demonstrated by Leveque (2002), is used. The conservative variables´ vector, U, has its components Ui evaluated using an explicit numerical procedure depicted below:
                                  	 (24)
in which,
                                        	 (25)
where  represents the waves crossing the cells' interface, λ- and λ+ are the characteristic velocities (superscript '-' means left going waves). The matrix R represents the right eigenvector matrix, and p is the counter of eigenvalues (m is the total number). This explicit scheme must satisfy a CFL (Courant-Friedrichs-Lewy) condition as stability criterion: 
                                                                                             	(26)           
All the source terms are treated using the Fractional-Step method presented in Leveque (2002). The hyperbolic system is split into two sub-problems which are solved independently. The first consists of a homogeneous system using the upwind scheme previously presented.
                                     	(27)
The ODE must be solved in a second step, as 
                                             	                                     (28)
It should be cited that the numerical model chosen consists of a Roe-type Riemann solver based on the Drift-Flux model proposed by Santim and Rosa (2016). As the original solver does not presents porous medium formulation, in this paper is proposed a methodology aiming to represent the phenomenon through of a source term (Eq. (17), by deriving the porous medium coefficients through experimental data of pressure and velocity.

4.1 Permeability and inertial loss coefficient calculus
When the experimental pressure and velocity data are known it is possible to obtain the permeability as well as the inertial resistance factor through of a trend line following the procedure described below. 
(i) As first step it is necessary to plot the experimental data such as . This mixture velocity is given by  considering a gas-liquid two-phase flow. Considering all proposed cases, the water velocity varies from 0.16m/s up to 0.99m/s whereas the air velocity varies from 0.066m/s up to 1.46m/s according to distribution given in Table 1.
(ii) To plot a trend line from the profile obtained in the first step. So it is possible to get a second-degree polynomial like as:  where F and G represent the coefficients which take into account the effect of porosity and are available in Table 1.

Table 1. Coefficients F and G for the permeability (α) and C2 calculus.
Packed bed	Cylinder – pipe: 0.0254 m	Cylinder –pipe: 0.01905 m
CWF (l/min)	5	10	20	5	10	15
Air flow (l/min)	2 5 7.5 10 15 20 25	2 5 7.5 10 15 20 25	2 5 7.5 10 15 20	2 5 7.5 10 15 20	2 5 7.5 10 15 20	2 5 7.5 10 15 20
F	19584	42915	92082	14457	41058	71405
G	-3411.3	-8677.9	-23222	291.44	-5637.6	-13193
	Sphere – pipe: 0.0254 m	Sphere- pipe:  0.01905 m
CWF (l/min)	10	20	30	5	10	12




(iii) To calculate the permeability and C2 by comparing the Eq. (17) with . For the first term on the rhs, we have:
                                                           	(29)
in which.
For the second term from the right-hand side, one gets:
                                                              	 (30)
where.
Finally, we have the terms and C2 in terms of the void fraction (mixture properties). 





The numerical solutions were obtained making use of a 400 nodal points chosen after the test grid presented in Fig. 2, since the relative error between the solution using 400 and 800 (grid independence) points shows to be 0.3% (assuming CWF of 20 l/min with air flow rate of 5 l/min within the spherical packed bed on the 0.0254m ID pipe).

Figure 2. Test grid of the numerical solution.
The drift parameters, C0 and ud, implemented on the Santim and Rosa (2016) solver were proposed by Choi et al. (2012) (see Eqs. (31) and (32)). This correlation was chosen since it presents a pattern independent behavior. 
                                        	           (31)
                                                   	         	           (32)
where C and D are 0.0246 and 1.606 respectively, as suggested by Choi et al. (2012). 
The pressure drop results are recorded when the transient solution reaches the steady-state. The steady-state of the numerical solution varies from case to case, however is always reached before t=4s. 

5.	Results and discussion  
5.1	Single-phase (water) flow in a pipe (non-porous flow) 
The single-phase flow measurements in the pipes before packed with particles are carried out to validate the experimental facility and the accuracy of instrumentation. The pressure drop is calculated as 
                                   	                                                    			           (33)
The comparison between experimental and predicted values reported by Hamad et al. (2017) is shown again in Fig. 3.  

Figure 3. Comparision of measured single-phase (water) flow friction factor with prediction from Blasius correlation.

5.2 Single and two-phase flow experimental measurements of pressure drop  
The small pipe is not used for porous media investigation because its diameter is smaller than the spherical particles diameter and the high pressure (>100000Pa) which is beyond the design limitations of the experimental rig. To give an idea about the influence of porous medium on pressure drop for single and two-phase flows in 0.0254m and 0.01905m ID pipes, a number of cases with volumetric quality 30% are gathered and given in Table 2. The data available in the Table 2 show that the pressure drop for single and two-phase flow in porous medium is more than by 80-240 times the pressure in non-porous medium. This behavior highlights the need for more research work to optimize the systems design aiming to minimize the pressure losses. 
Table 2. (SPFW: single phase flow (water), SPFA: single phase flow (air), TPF: two-phase flow, CylP: cylindrical particles, SphP: spherical particles).










The solid lines represent the single phase flow data. The results show that the pressure drop for spherical particles in 0.01905m ID pipe increases steeper than the pressure drop in 0.0254m ID pipe. It can also be observed that the values are higher in 0.01905m ID pipe compared to the 0.0254m ID pipe for the same superficial velocities. In contrast, the results show that the pressure drop for cylindrical particles in 0.01905m ID pipe is lower than the pressure drop in 0.0254m pipe and the increase in the pressure drop have a similar trend for both pipes and less steeper than the pressure drop for spherical cases.  
For the two-phase flow cases, the introduction of air to the water has a damping effect on the flow leading to lower rate of increase in pressure drop for all the cases given in Fig. 4.  
For spherical particles in 0.0254m  ID pipe (single phase superficial velocity = 0.658m/s), the introduction of air decreases the rate of pressure drop increasing significantly as the mixture velocity increases. For water velocity 0.658m/s, the rate of increase of two-phase pressure drop is around 33000Pa/m compared to 104000Pa/m for single phase flow. It can also be observed from the same figure that for water superficial velocity of 0.987 m/s, the pressure drop is 41000Pa/m for two-phase flow compared to 104000Pa/m for single phase flow. In summary, as the water velocity increases, the effect of introducing air becomes more significant on pressure drop. 
For spherical particles in 0.01905m pipe (single phase superficial velocities equal to 0.576m/s and 0.69m/s), the introduction of air decreases the rate of increase of pressure drop from 16800Pa/m for single phase flow to 74000Pa/m for both multiphase flow cases. These results show that the pipe diameter has a significant effect on pressure drop. 
For cylindrical particles, there is no significant difference in the trend of pressure drop for single phase flow in both pipes of 0.01905 and 0.0254m ID as the rates of pressure drop (slope of the pressure drop graph = 94000Pa/m for 0.01905m ID pipe and 108000Pa/m for 0.0254m ID pipe) are very close. The introduction of air presents a similar influence on pressure drop for both pipes. The rate of pressure drop changed around from 32000Pa/m for both cases at low water velocities (0.32 and 0.57m/s) to around 49000Pa/m for the higher velocities (0.65 and 0.86m/s).
In attempt to explain the reason of the different trends of the pressure drop for spherical and cylindrical cases in both pipe diameters, Fig. 5 presents the schematic diagram of the four pipes packed with particles investigated in this study. For spherical particles, the diagram show that they are arranged in straight chain in 0.01905m ID pipe (Fig. 5b) but the chain look wavy as a sine wave in 0.0254 m ID pipe (Fig. 5a).
These two structures of the particles inside the pipes affect the flow conditions. For the case of small pipe the particles are settled on the lower side of the pipe and the flow will move on the upper side as the cross-sectional area of the pipe decreased which lead to a high velocity of the flow (high Reynolds number) and high pressure drop. The increase in pressure drop may be attributed to a significant increment in the wall friction as the surface area increased. The form drag will also increases due to the large size of particles. On the other hand, for the case of 0.0254m ID pipe the increase in the pressure drop may be attributed to the significant contribution of form drag as well as wall friction and wake turbulence as the particles arranged themself in a shape of wave.  
Figure 5c present the diagram for the cylindrical particles in the pipe of 0.0254m ID that is very much similar for the pipe of 0.01905m ID. The particles arrange themselves in a way that make them very similar in both pipes which was reflected in almost equal structure in both pipes. This is also reflected in pressure which is higher in 0.0254m ID pipe compared to 0.01905m ID pipe due to the larger particle surface area available in the large pipe that increase the friction losses.  
The difference between the pressure drop of spherical and cylinders is supported by the find from Nemec and Levec (2005b) which investigated the effect of particle shape on pressure drop in the liquid phase based on relative permeability.
For two-phase flow cases, Jamialahmadi et al. (2005) used visual and photographical observations to understand the effect of introducing the gas phase at a constant liquid velocity. Two different distinguished regimes were observed. A homogeneous flow mixture was formed with small bubbles at low gas velocity. On the other hand, a heterogeneous mixture is verified at high gas velocity presenting the formation of large bubbles. Their measurements also showed that the effect of liquid phase flow rate is more pronounced for the homogeneous regime than for the heterogeneous regime and that it loses its importance as the gas flow rate increases. Jamialahmadi et al. (2005) finding supported the results from the present work as the introduction of second phase effect increased with gas superficial velocity for constant water velocity.
There is an interesting similarity between the graphs for pressure drop in fluidized bed given by Jena et al. (2009) and the present results displayed in Fig. 4.  Jena et al. (2009) observed that the pressure drop of single phase flow in a vertical column with fixed height increased with superficial velocity up to the value when the upward inertial and drag forces exerted on the particles by the fluids equal the buoyant weight of the bed. This condition lead to a continuously shifts of particles position with neighbouring particles (Briens and Briens, 1997). The movement of particles in the fluidized bed lead to a condition of almost constant pressure drop. They also found that the introduction of gas bubble decreases the minimum velocity of starting the fluidization also decreasing further with higher velocity of gas. The decrease in minimum liquid fluidization velocity may be attributed to the contribution of the gas to the total drag on the particles by the gas-liquid upward flow. While the packed columns are normally vertical and the flow upward but the shape of present graphs in Fig. 4 are very similar to fluidized bed behaviour given by Jena et al. (2009).
Figure 4. The single and two-phase flow pressure drop for cylindrical and spherical particles in 0.0254 and 0.01905m ID pipes. (S: single phase, TP: two-phase, sph: spherical, cyl: cylindrical, solid lines: single phase, dotted lines: two-phase)


              Figure 5. The pipes packed with spherical and cylindrical particles to create
                 consolidated porous media, A) 0.0254 m, B) 0.01905 m and C) 0.0254 m.

5.3 Comparison of empirical models from literature with single phase flow data
   
The Ergun (1952) model is compared with the present experimental pressure drop for air and water single phase flows through Figs. 6 and 7. Figures 6a and 6b present the data of air single phase flow for cylindrical and spherical particles. Ergun model agrees well with the experimental measurements for both particles shapes and pipe/particle diameter ratio has no effect on the trend of the data. By comparing the data from Fig. 6a with Fig. 6b, it can be observed that the pressure drop for cylindrical particles is much higher and increased steeply for same Reynolds number. This may be attributed to the larger surface area for friction in case of cylindrical particles compared to spherical particles. The coefficients recommended by Ergun (A=150 and B=1.75) are applied however the results show some discrepancy between predictions and experimental data which lead to the modification of coefficient B as given in Table 3.
Figures 7a and 7b present the data of water single phase flow for cylindrical and spherical particles. The prediction from Ergun model is in reasonable agreement with the results from experimental measurements pressure drop points. It can be observed that the pipe/particle diameter ratio has a clear effect on pressure drop for same Reynolds number and the deviation increased for higher values for both particle shapes. The coefficients recommended by Ergun (A=150, B=1.75) are also modified to predict the experimental data which are given in Table 4. 
Table 3. Modified coefficients of Ergun equation (air).








Table 4. Modified coefficients of Ergun equation (water).






The Ergun’s coefficients were also modified by a number of researchers in the literature. For example, the Ergun’s coefficients values were proposed as A=200 and B=1.75 by Leva (1947), A=180 and B=1.8 up to 4 by Niven (2002), A=77.4 and B=2.8, A=160.4 and B=2.8 for char particles while A=229.7 and B=2.3 for ash particles by Koekemoer and Luckos (2015). The discrepancy in A and B coefficient in present study from Ergun universal values  may be attributed to very low values of pipe-to-particle ratio which increased the influence of the wall-fluid interaction compared to particles-fluid interaction. The wall effect on A and B values, was investigated in the following three articles from literature. 
Di Felice and Gibilaro (2004) presented a simple model to evaluate the wall effect on pressure drop in a fluid flow through a porous medium of spherical particles. Their general conclusion was that the Ergun equation is applicable to high tube-to-particle-diameter ratios (d/dp > 10). Tian et al. (2016) carried out an extensive review of the wall effect on the coefficients in Ergun equation. They found that the A=150 and B=1.75 when d/dp  but the value for A changed from small values to very large values for d/dp <10. Bai et al. (2011) used a pipe-to-particle diameter ratio of 2.3 and found that the coefficient A increased from 99.44 to 1631 when particle diameter increased from 3 to 8mm and B from 0.077 to 0.2185. 
Figure 6a. Comparison of prediction from Ergun empirical model with experimental pressure drop for cylindrical particles of air flow. (solid line: experimental data;  dotted line: prediction). The experimental data collected from both pipes of 0.01905m and 0.0254m ID.
Figure 6b. Comparison between the prediction from Ergun empirical model and experimental pressure drop for spherical particles of air flow. (Solid line: experimental data; dotted line: prediction). The experimental data collected from both pipes of 0.01905m and 0.0254m ID.

Figure 7a. Comparison of prediction from Ergun empirical model with experimental pressure drop for cylindrical particles of water flow. (Solid line: experimental data; dotted line: prediction). The experimental data collected from both pipes of 0.01905m and 0.0254m ID.
Figure 7b. Comparison between the prediction from Ergun empirical model and experimental pressure drop for spherical particles of water flow. (Solid line: experimental data; dotted line: prediction). The experimental data collected from both pipes of 0.01905m and 0.0254m ID.
  

5.4 Comparison of the Drift-Flux model and empirical relations predictions against the experimental two-phase flow data   

Earlier in Hamad et al. (2017), the solver proposed in Santim and Rosa (2016) which uses the Drift-Flux model showed to be a great choice on the prediction of the pressure drop in horizontal pipes with different ID and non-porous media. Now, assuming two different porous media and two pipes of 0.0254m and 0.01905m ID, the solver is compared together with the empirical models proposed by Jamialahmadi et al. (2005) and Nemec and Levec (2005b) against the experimental two-phase flow data in Figs. 8 and 9. In the Fig. 8 we have the comparison for the cylindrical packed bed experiments whereas in Fig. 9, the comparison of the predictions with the experimental data is done for the spherical particles. The experimental data are very much scattered around the solid line which represents the trend of the experimental measurements obtained in the present study.
Through analysis of Figs. 8 and 9 it should be noted a good agreement between the numerical solution and the experimental data. In both cases, the porosity effect was introduced into the solver though SW source term since the pressure is function of . The procedure previous presented to calculate the SPM source term consists of a limiting factor since without experimental data support, the numerical simulation is turned out unfeasible.
Jamialahmadi et al. (2005) model over-predicts the pressure drop for cylindrical particles and under-predicts the values for spherical particles while Nemec and Levec (2005b) model under-predicts the pressure drop for both spherical and cylindrical particles significantly. As in the case of single phase flow, the coefficients in the equations are modified to predict the present experimental data. For Jamialahmadi model, the exponent of Reg in Eq. (7) is modified from 1.8 to 1.48 for cylindrical particles and from 1.8 to 1.34 for spherical particles. In case of Nemec and Levec model, the coefficients in Eq. (10) are also modified to reproduce the experimental data. Thus, for both cylindrical and spherical particles, Eq. (10) becomes .                                                                                             
It should be mentioned that Eisfeld and Schnitzlein (2001) investigated the influence of the walls on the pressure drop of two-phase flow in packed beds. They attributed the increase of the pressure loss in the laminar flow to the increase in surface area and the pressure loss reduction in turbulent flow to the increase in local porosity near the walls.  

Figure 8. Two-phase pressure drop from numerical and empirical models against experimental data for cylindrical particles. (The solid line shows experimental data trend).

            Figure 9. Comparison of two-phase pressure drop from numerical and empirical
models with experimental data for spherical particles. (The solid line shows the




Pressure drop in horizontal porous pipes with large particles and small pipe-to-particle diameter ratio is studied experimentally in two horizontal pipes of 0.01905m and 0.0254m ID. The pipes are filled with cylindrical or spherical particles. The Drift-Flux model used for two-phase flow pressure drop predictions earlier in Hamad et al. (2017) is modified through implementation of a source term aiming to reproduce the pressure drop in porous media. Empirical models from literature are also applied to calculate pressure drop of single (Ergun model) and two-phase flows (Jamialahmadi et al. (2005) and Nemec and Levec (2005b) models). Both the Drift-Flux model and empirical correlations are compared against experimental acquisitions.
In the context abovementioned, the main conclusions can be summarized as:

(1)	For single phase flow, the empirical model from literature are incapable to predict the pressure drop without modification of coefficient B in Ergun equations. The coefficients are function of particle shape, porosity and pipe diameter. 
(2)	The experimental acquisitions are very much scatter around the trend line plotted for each set of measured data for two-phase flows.
(3)	The empirical models (Jamialahmadi et al. (2005) and Nemec and Levec (2005b) models) are unable to predict the experimental measurements for the two-phase flow. Some coefficients used in the equations are modified to fit in the proposed experimental data.  
(4)	The Drift-Flux model reproduces well the experimental data. It can be considered as the best option to predict the pressure drop in this scenario. However, it needs some experimental data to estimate the source term required for the solution. 
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